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Flow was confined to an annular path that was 69 per-

cent of the baseline tailpipe flow area. This configura-
tion simulated a separate flow condition in which the

ventral nozzle is supplied with fan flow only.

The shortened tailpipeconfigurationshown inFig. 5

variedfrom the baselinewith the additionof a blocker

mounted in the tailpipe. This addition effectively

moved the locationofthe aftblindflangeto2 in.down-

stream of the ventralopening. This blockerwas con-

structedfrom a 3/4-in.plywood disk braced inposition

with wooden struts.The effectwas to reduce the vol-

ume of the recirculationregion in the aft end of the

tailpipeby 93 percent. This configurationsimulated a

tailpipeblockermechanism placed immediately down-

stream of the ventralduct as opposed to a closedcruise
nozzle.

The short ventral duct configuration isshown in

Fig.6. This configurationvariedfrom the baselinewith

the removal of a rectangularspool to reduce the length

of the ventralduct by 33 percent. The configuration

simulated ventralduct lengthsmore closelydesigned to

fitinan aircraftfuselage.

Test Facility

The Powered Lift Facility (PLF) (shown in Fig. 2)

consists of a high-pressure air supply and a thrust

balance system. The thrust system can simultaneously

measure thrust in the vertical, axial, and lateral direc-
tions and can measure moments about all three axes.

The ventral nozzle model was supplied with cold

(approx. 70 °F}, high-pressure air from the Lewis

centralairsupply system at pressuresup to 90 psigand

100 Ib/secat the model. See Appendix A for a more

detaileddescriptionof the PLF.

Instrumentation and Data Processing

The location and number of totalpressure instru-

mentation for the baseline ventral configurationare

shown in Fig.3. This same instrumentationwas main-

tained for all configurations,except for those instru-

mented piecesthat were removed for a particulartest.

The total pressure at the tailpipereference location

(station5) was measured by using 20 total pressure

tubes locatedon centersofequal area. Similarly,there

were 24 totalpressuretubes locatedon centersof equal

area at the ventralnozzle inlet(station6). A five-tip

totalpressurerake was used to obtain a pitotpressure

survey at the ventral nozzle exit plane (station6B).

Staticpressuremeasurements were made inthe taiIpipe

and ventralduct. The totaltemperature was measured

justupstream ofthe transitionsectionand was assumed

to be constant throughout the model.

All steady-statepressuredata were scanned by an

electronicdata acquisitionsystem at a rate ofone scan

per second. Dynamic pressuredata were not obtained.

Data were batch processedon the Lewis mainframe com-

puter system.

Experimental Procedure

Performance Tests

Performance testing consisted of measuring the

thrust and flow characteristicsof the ventral nozzle

systems over a range of several tailpipe-to-ambient-

pressureratios(PR5} up to 5.0.

Flow Visualization

Flow visualizationstudieswere performed on the

annular flow duct, shortened tailpipe,and shortened

ventralduct configurations.These studiesused white oil

paint mixed with a lightoilto provide a smooth mix-

turethat was able to hold itsshape on the underside of

walls and verticalsurfaces. The dabs of paint were

appliedto internalsurfacesof interest,such as the duct

walls and centerbody. For the plane-of-symmetry flow

visualization,a rectangularpattern of paint dabs was

used on a fiatplate which mounted verticallyin the

tailpipealong the centerlineof the duct. The system

pressurewas increasedquicklyfrom ambient to approxi-

mately a tailpipe-to-ambientpressureratio(PRs) of $.0

(highenough tochoke the ventralnozzle),was held for

about 30 sec,and then brought back to ambient. The

flow caused the paint to travel along streamlines,

providing a clearpictureof the flow pattern. Photo-

graphs were then taken of thesepaint-streakpatterns.

Exit Plane Survey

Pitot pressure surveys of the ventr_ll no_,zle exit plane

were performed by using the five-port to_,al pressure rake

at a tailpipe-to-ambient-pressure ratio of 3.0. An

actuator was used to traverse the rake axially (parallel

to the tailpipe axis) across the ventral nozzle exit. After

each axial traverse, the assembly (probe and actuator}

was moved laterally across the exit plane in 3-in.
increments. Surveys were taken across the entire nozzle

exit plane on the shortened ventral duct configuration

and across half of the nozzle exit plane on the annular
flow duct configuration.



CFD Analysisof Shortened Ventral Duct Resultsand Discussion

Computational Grid

A computational fluiddynamics analysiswas done

on the shortventralduct configuration.The gridused

forthisanalysisisshown inFig.7. This gridcomprised

two blocks: the cylindricaltailpipeand the rectangular

ventralduct and nozzle.Itcontained a totalof525 402

nodal points (tailpipe:101 by 51 by 51; ventralduct

and nozzle: 51 by 51 by 101). Because of a plane of

symmetry in the experimental hardware, only one-half

of the configurationwas modeled forthe computational

analysis. The grid was a variation of the original

ventralnozzle grid which isdiscussedin Refs.I to 4.

The modificationconsistedof compressing the ventral

duct gridintheverticaldirectionby usingINGRID3D. e

PARC3D Code

The analysis was done using the full Navier-

Stokes code PARC3D. s PARC3D solvesthe Reynolds-

averaged Navier-Stokes equations and employs the

Beam-Warming approximate factorizationscheme. Tur-

bulencewas simulatedby usingthe Baldwin-Lomax tur-
bulence model z for wall-bounded flows. The blocked

versionof PARC3D was run on the Lewis Cray Y-MP

computer. This blocked versionofthe code allowed the

computational domain tobe dividedintoseveralsimple

blocks. Each block was solved separately,and a tri-

linear interpolationscheme transferreddata across

adjacent block boundaries.

Boundary Conditions

The boundary condition used for the computational

analysis of the short ventral duct configuration included
a fictitious diverging section at the exit of the ventral

nozzle (not shown in Fig. 7). The diverging section
allowed the flow to expand to supersonic speeds and

allowed the conditions at the fictitious exit plane to be

extrapolated. This technique was used to avoid placing

a set boundary condition at the actual exit plane of the

nozzle and has been used previously with good results. 1"4

Another boundary condition used for this analysis

was a pole boundary condition located at the center of

the tailpipe grid. Because the tailpipe was modelled

using an O-grid, the grid lines become coincident at the

center and problems calculating metrics occur. The pole

boundary condition was created so that the flow proper-

ties on this boundary were calculated by averaging the

values along the adjacent grid lines.

Tailpipe Mach Number

Figure 8 shows the Mach number in the tailpipefor

the four ventralnozzle configurations. The baseline,

shortened tailpipe,and short ventralduct have a tail-

pipe Mach number of approximately 0.3 at tailpipe-to-

ambient-pressureratiosPR 5 above 2.5. The annular

flow duct configurationresulted in a tailpipeMach

number of approximately 0.42 fora PR s greater than
2.5. The 0.42 Mach number resultedfrom the center-

body that reduced the tailpipeflow area. Because ofthe

significantpressurelossbetween the tailpipeand ventral

duct for allconfigurations,the ventralnozzle did not

choke untila PR s of 2.5.

Total PressureLoss

The pressure lossesthrough three ventral nozzle

systems are shown in Fig. 9. The pressure losswas

definedas

Totalpressureloss=

Tailpipe reference pressure - Ventral nozzle inlet pressure
Tailpipe reference pressure

At a PR 5 of 3.0, the pressure losses for the three config-

urations were 5.6 percent (baseline)_ approximately

6.1 percent (shortened tailpipe), and approximately

5.0 percent (short ventral duct). The PARC3D result
for pressure loss through the short ventral duct configu-

ration was 4.4 percent. The total pressure loss for the

annular flow duct configuration was not calculated

because the total pressure rake at the ventral nozzle

inlet broke as a result of unexpected, severe flow angles.

The rake was repaired for the testing of the later

configurations.

System Discharge Coefficient

Figure 10 gives the discharge coefficients for the four

ventral nozzle systems over a range of tailpipe-to-

ambient pressure ratios. For the nozzle system, the dis-

charge coefficient (CD) was defined as

CD =

Actualflowrate

Idealflowratecalculatedusingmeasured tailpipepressure



For all configurations, the total temperature of the air-

flow was approximately 70 °F. The baseline discharge

coefficient was 0.901 at a tailpipe pressure ratio of 3.0.

The annular flow duct configuration showed a signifi-

cant decrease in flow performance with a system dis-

charge coefficient of 0.845, 5 percent lower than that of

the baseline. Both the shortened tailpipe and the short

ventral duct configurations had discharge coefficients

very similar to that of the baseline. The shortened

tailpipe configuration was slightly lower (C D = 0.898)
whereas the short ventral duct configuration was slightly

higher (C v --0.905) at a PR 5 of 3.0. The PARC3D

discharge coefficient for the short ventral duct configura-

tion was 0.903 and agreed very well with the experimen-
tal result.

Thrust

For the three ventral configurationsstudied, the
correctedverticalthrust as a fractionof the corrected

verticalthrustfrom the baselineisgiveninFig. 11. The

annular flow duct configurationproduced the leastver-

ticalthrust,91 percent of the verticalthrust of the

baselineat a PR 5 of 3.0. As with the dischargecoeffi-

cient,the resultswere similarforthe shortened tailpipe

and the short ventralduct configurations.The short-

ened tailpipeconfigurationproduced 99 percentand the

shortventralduct configurationproduced 100 percentof

the verticalthrustofthe baseline.The PARC3D result

was 99.3 percent of the baseline,slightlylower than

the experimental result for the short ventral duct

configuration.

Figure 12 gives the ratio of the corrected thrust to

the corrected flow for each configuration relative to the

baseline configuration. This relationship is expressed as

Corrected thrust

Corrected flow

ICorrected thrust1

Corrected now ]Baseline

The annular flow duct configuration produced less thrust

for a given flow, approximately 97 percent of the base-

line at a PR 5 of 3.0. Also, at a PR s of 5.0, the short-
ened tailpipe and the short ventral duct configurations

produced the same thrust for a given flow as that pro-

duced by the baseline configuration.

The results of the baseline configuration reported in

Refs. 1 to 4 indicated that the ventral jet overturned

(turned more than 90 deg), and the system produced an

axial force component. Similar results were obtained

with the three variations to the ventral system. The

axialforceas a percentofverticalforcefor each ofthe

configurationsis given as Fig. 13. The baselinepro-

duced 7 percent axial thrust at a PR 5 of 3.0. The

annular flow duct configurationproduced 12 percent

axialthrust. The shortened tailpipeand shortventral

duct configurationsproduced lessaxialthrustthan the

baseline,5.5 and 5 percent,respectively.In comparison

to the experimental resultfor the short ventral duct

configuration,the PARC3D resultindicateda slightly

higher axialthrust,6 percentofthe verticalthrust.

Flow Visualization

Flow visualizationresultson the frontand sidewalls

of the ventralduct in the annular flow duct configura-

tion are shown in Figs.14(a) and (b), respectively.

These figuresrevealthe very complicated vorticesinthe

ventralduct. The flow visualizationon the frontwall

indicatedthat the flow along thiswall was strongly

inboardand upward intothe ventralduct. Figure 14(b)

shows the significantflow angle as the tailpipeflow

overturned enteringthe ventralduct. Also,thisfigure

shows reverseflow,that is,flow that bypassed the ven-

tralduct initially,turned around in the aft portionof

the tailpipe,and then exitedthe ventralduct. Apparent

in both Figs.14(a) and (b) are two vorticeslocatedon

the ventralside of the centerbody. These vorticesare

counterrotatingand develop from both oncoming t_il-

pipe flow and reverseflow.

Figures 15(a) and (b) show the flow visualization for
the front and side walls, respectively, of the ventral duct

for the shortened tailpipe configuration. The flow visu-

alization on the front wall shows that the flow is primar-

ily inboard. Two small counterrotating vortices are

apparent. These are located close to the plane of sym-

metry near the opening from the tailpipe. Figure 15(b)

shows the flow overturning in the ventral duct.

Two typesofflow visualization(on the internalwalls

and on the plane ofsymmetry) were done on the short

ventralduct configurationin order to provide a more

complete comparison with the PARC3D results.The

streamline pattern from the plane-of-symmetry flow

visualization is seen in Fig. 16(a). The corresponding
particle trace pattern, computed with the PARC3D

code, is seen in Fig. le(b). The experimental and the
computational results agree very well. Both results

show the flow turned smoothly into the ventral duct,

separating from the front wall. Some tallpipe flow
impacted the tailpipe wall just downstream of the

ventral opening and reversed direction to exit through

the ventral duct. Airflow from the side of the tallpipe

opposite the ventral duct was diagonal past the ventral

opening and into the recirculation region. This flow

then returned forward along the opposite side of the

tailpipe. Both results show a vortex located in the



ventral side of the tailpipe downstream of the ventral

opening. This vortex formed from tailpipe flow entering
the recirculation region and from the forward flow.

Flow visualizationon the walls of the ventralduct

for the short ventral duct configuration is shown in

Fig. 17. The experimental and PARC3D resultsforthe

frontventralduct wall are given inFigs.17(a)and (b).

Both resultsshow that the flow along the frontwall is

very stronglyinboard and diagonally upward into the

ventralduct. This flow was then pulled into a vortex

locatednear the opening from the tailpipe.Flow visual-

izationon the sidewall of the ventralduct isshown in

Fig. 17(c),and the corresponding particletrace,com-

puted by PARC3D, isshown inFig. 17(d). The experi-

mental and anaylticalresultsagree well. Both images

show the overturningof the airflowin the ventralduct

and are similarto the patternson the ventralduct side

wallsof the previouslydiscussedconfigurations.

Exit Plane Survey

Figure 18 gives the experimental contour plot of

pitotpressuresat the exitplane ofthe ventralnozzlefor

the annular flow duct configuration.This figureshows

only one-halfofthe actualexitarea because the five-tip

total pressure rake failed(as a resultof severe flow

angles} while obtaining the second half of the data.

However, a mirror-imageflowpatterncan be assumed to

existon the other side of the plane of symmetry. The

contoursrepresentthe pitotpressureas a fractionofthe

tailpipereferencepressure. For the annular flow duct

configuration,the pressuredistributionatthe exitplane

included a large low-pressureregion located along the
forward wall of the ventralduct and nozzle. This low-

pressureregionextended over nearly40 percentof the

nozzleexitarea. The minimum pressurein thisregion

was approximately 80 percentof the tailpipereference

pressure.The maximum pressureat the exitplane was

approximately 97.5 percentof the referencepressure.

For the short ventral duct configuration, the experi-
mental contour plot of pitot pressures is shown in

Fig. 19(a}. These results showed a low-pressure region

which was smaller (extending over approx. 25 percent of

the nozzle exit area} but contained a lower minimum

pressure (75 percent of the reference pressure} than the
low-pressure region in the annular flow duct configu-

ration. However, the maximum pressure at the ventral

nozzle exit plane in this configuration was 100 percent

of the tailpipe reference pressure. The lower minimum

pressure and the higher maximum pressure resulted in

steeper gradients at the exit plane for the short ventral
duct configuration.

The total-pressure contour plot at the exit plane of

the ventral nozzle, as computed by the PARC3D, is

given inFig. 19(b}. This resultissimilarto the experi-

mental resultin Fig. 19(a) except for the effectof the

shock lossin the experiment. Both resultsshow a large

low-pressureregionand the steepgradientssurrounding

it. Also,the resultsboth show regionsofslightlylower

pressurenear the outer edge and along the back wall of
the nozzle.

Conclusions

Three design variationsof a genericventralnozzle

model were testedon the Powered LiftFacilityatNASA
Lewis Research Center. These variationsincluded an

annular flow path into the ventral duct, a tailpipe

blocked immediately downstream of the ventralduct,

and a shortened ventral duct length. In addition,a

CFD analysiswas done on the shortened ventralduct

configuration.Resultsincluded thrustand flow perfor-

mance, flow visualization,and pressuredistributionsat
the exitofthe ventralnozzle.

The resultsofthiswork could be used inthe analysis

ofa ventralsystem foran aircraft.The goalsof such a

system would include (I)minimize internal pressure

losses,(2)maximize vertical thrust produced, and

(3)possibly minimize the axialcomponent of the net

ventralthrust(i.e.,to minimize the need to controlthis

forcein an actualaircraft).

With these goals in mind, a summary of the per-

formance of the ventral systems as compared to the

performance of the baseline configuration follows:

1. The short ventral duct configuration had the best

performance of the three configurations. In comparison

to the baseline, this configuration showed less internal

pressure loss and a slightly higher discharge coefficient.
Also, this configuration produced the same vertical

thrust and a smaller axial thrust component. These
results tend to indicate that the ventral duct can be

shortened without adversely affecting the flow and

thrust performance.

2. The shortened tailpipe configuration (with the
tailpipe blocked immediately downstream of the ventral

duct} showed more internal total-pressure loss and

slightly less system discharge coefficient. This configu-

ration produced slightly less vertical thrust than the

baseline and less axial thrust component. This elimina-

tion of the recirculation region had a slight adverse

affect on the performance of the ventral system.

3. The annular flow duct configuration had a signi-

ficantly lower discharge coefficient than the baseline

configuration. The thrust produced by this configura-
tion had less vertical component a_ad more horizontal

component than the thrust produced by the baseline



configuration.Theseresults indicate that the attempt
to draw flow from an annulus and direct it into the ven-

tral duct resulted in a configuration with substantially

worse performance than one in which the full-duct,

cross-section of tailpipe flow is redirected.

Appendix A--Powered Lift Facility

This appendix gives a brief description of the more

important features of the Lewis Research Center Pow-

ered Lift Facility (PLF).

The Powered Lift Facility (Fig. 2) can simulta-

neously measure thrust force levels in the vertical, axial,
and lateral directions and can measure moments about

all three axes (i.e., roll, pitch, and yaw}. Not shown in

Fig. 2 is the 65-ft-radius, acoustically treated, geodesic

dome barrier to keep test noise from affecting neighbor-

ing communities. Also not shown in Fig. 2 is a work
platform mounted underneath the frame to facilitate

model buildup and configuration changes and to main-

tain a safe work enviroment. This work platform does

not contact any of the thrust frame components and has
removable grating in the center to allow nozzles to be
directed downward.

Multi-Axis Thrust Measuring System

rate is controlled with a 14-in. butterfly valve in the
supply line downstream of the isolation valve. The flow

rate is measured with a 9.125-in.-diameter ASME flow

measuring nozzle located upstream of the butterfly
valve. Flow measurement with the nozzle is accurate to

within -4-0.5 percent including both scatter and system-
atic errors.

Instrumentation and Data Processing

Steady-state pressures are measured by an elec-

tronically scanned pressure (ESP) system with 372 avail-

able data channels. Up to 200 analog signals, which

include strain gage transducers and thermocouple data,

axe available. The steady-state data acquisition system

has a sampling rate of one scan (all analog and pressure

channels) per second. Data are stored on a disk locally,

then batch processed off-line using the Lewis mainframe

computer system.

1.

2.

The PLF thrust frame is triangular shaped, 30 ft on

a side, and stands 15 ft off the ground. The force

balance is capable of measuring up to 60 000 lb verti-

cally, 25 000 lb axially, and 10 000 lb laterally. Experi- 3.

mental hardware can weigh up to 40 000 lb. Only

steady-state loads can be measured and aerodynamic

effects (i.e., recirculation effects} of exhaust axe negligi-

ble. The grating in the center of the work platform is 4.

removed when nozzles are directed downward, allowing
a high degree of flexibility for nozzle exhaust direction

and placement. Nozzles may exhaust axially (parallel

with the ground plane out the dome exhaust door),
downward, or back toward the facility inlet piping. In 5.

the last case, flow deflectors are required. Directing

nozzles upward is not desirable because of the proximity
of the dome wall.
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Figure 1 .--Ventr_ nozzle baseline conjuration mounted on the

Powered Lift Facility.

Figure 2.---Powered Lift Facility at NASA Lewis _h Center.
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Figure 3.--Baseline ventral nozzle configuration.
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Figure 4.--Annular flow duct configuration.
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Figure 5._hortened tailpipe configumt/on.
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Figure 6.--Short ventral duct configuration.

/
End view Side view

Figure 7.--Computational grid. Short ventral duct configuration.
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(a) Front wall. (a) Front wall.

(b) Side wall.

Figure 14.--Annular flow duct configuration. Flow visualization
of the ventral duct.

(b) Side wall.

Figure 15.--Shortened tailpipe configuration. Flow visualizations
in the ventral duct.
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(b) PARC3D result.

Figure 16,--Flow visualization on the plane of symmetry for the

short ventreJ duct configuration.

(a) Experimental results on front wall.

(b) PARC3D results on front walL

Figure 17.---Short ventral duct configuration. Flow visualization of
ventral duct.
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(c) Ex4x_irnen_l results on side wail.

T_pipe flow

(d) PN:IC3D results on side wail,

Figure 17.--Concluded.
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Figure 19._Short ventral duct configuration. Contour plots of
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